Introduction
The mass comparator is an electronic measuring device built on the measurements of deformation and strain of an elastic element or the balance of electromagnetic force feedback. Based on measurements of mass differences using ABA or ABBA weighing cycle, it is a high-resolution electronic measurement equipment designed for special purposes such as weight transfer, or other similar tests. The bias load error of the mass comparator is the error caused by the deviation of the weight center from the center of the mass comparator's weighing pan. For mass comparators with a maximum loading of 100 kg or more, the frame structure that connects the weighing platform and the sensor due to the large area of the platform is likely to create bias load errors.
According to Specification on the Calibration of Mass Comparators (JJF1326-2011), the calibration of the bias load error is performed by placing the center the weight at the middle of the four areas formed by the long-edge and wide-edge bisectors (as shown in Fig. 1 ) to define the measurement characteristics of the mass comparator. In the normal process of weight verification, it is rare to encounter a drift that is large enough to create a significant bias load error. The repeatability of the mass comparator, often specified by the factory, refers to the repeatability of the device when a weight is placed at the center of the weighing pan for multiple times. The bias load range is not specified (as shown in Table 1 ). This repeatability is specified under ideal conditions. In this study, a 500 kg F 1 level weight was used to test the bias load error of a 1T mass comparator. Several equal diversion points from the center of the weighing pan to the far end were selected as the bias load points of the weight, and the bias load test was performed in four directions (front, rear, left, and right). The bias load error at each point was analyzed to determine its influence on the weight verification.
Experimental Design
In this study, a 500 kg F 1 level weight, whose details are shown in Table 2 , was used to perform the repeatability and the bias load tests on a 1T mass comparator. The measuring range of the mass comparator is displayed in Table 3 . The test was performed following the requirements specified in Specification on the Calibration of Mass Comparators (JJF1326-2011), with the laboratory temperature and the humidity set at 20°C and 50% RH [1] , respectively. The repeatability test of the center position was performed first. Ten sets of weights were loaded continuously using the ABBA weighing cycle method. The standard deviation S of a single measurement was then calculated using the Bessel formula (Eq. 1), which represented the calibrated repeatability. Where: During the A1B1B2A2 weighing cycle, if the readings were A1 I , B1 I , B2 I , A2 I , respectively, then the final weighing result I  was determined by the following equation:
The bias load test was subsequently carried out. The weighing pan was divided into four directions: front, rear, left, and right, by the long-edge and wide-edge bisectors. A bias load test was performed at every 5 cm, 10 cm, 15 cm, and 20 cm offset from the center point along the four directions, until the edge of the weight coincided with the long edge of the weighing pan, so that the bias load errors of these four positions along the four directions were derived. According to the direction and the offset distance, the offset points, whose total number was 16, were numbered as F5, F10, F15, F20, B5, B10, B15, B20, L5, L10, L15, L20, R5, R10, R15, and R20, respectively.
The bias load errors were determined using the ABA weighing cycle method, where A indicates central loading, and B indicates offset loading. The equation is as follows: F5, F10, F15, F20, B5, B10, B15, B20, L5, L10, L15, L20, R5, 
Results and Discussions
According to Specification on the Calibration of Mass Comparators, the laboratory conducted a repeatability test on a 1000 kg/0.5 g mass comparator. A 500 kg weight was repeatedly loaded/unloaded at the center of the weighing pan. Results are shown below in Table 4 . According to the data shown in Table 4 , the repeatability of this mass comparator is S=0.3 g, which indicates that the mass comparator has a linear drift during the weight transfer. The maximum drift of 40 repeatability tests, as is shown in Table 3 , is 8.5 g. On the other hand, the repeatability derived from the ABBA measurement method is always less than 0.5 g. It is thus clear that the ABBA weighing cycle effectively reduces errors introduced by the linear drift.
In addition, the test results indicate that when the bias load is not considered, the repeatability error of the mass comparator is only 0.3g, which is less than the actual division value of 0.5g of the comparator. As a result, when the ABBA method is adopted in weight transfer, the repeatability error introduced by the mass comparator is negligible.
The bias load test results are presented below. Following the repeatability test, the laboratory used the same 500 kg weight to perform a bias load test on the comparator. The weight was gradually offset at of 5 cm, 10 cm, 15 cm, and 20 cm from the center of the weighing pan. The measurement results for each offset position are shown below in Table 5 -8. It is noted from results in Table 5 to 8 that:
The mass comparator can produce a bias load error, with a maximum error of 15.3 g at 5 cm offset, and 127.5 g at 20 cm offset. This bias load error is significantly larger than the repeatability error, as well as the linear drift error.
The bias load error has different values and signs at different directions. The errors in the front and the rear directions are both positive, but are one positive and one negative in the left and the right directions.
The errors in the four directions are neither symmetrical nor correlated. Figure 2 below plots the offset distance against the bias load error, which shows the variation trend of the bias load error with different offset positions. From Figure 2 it is noted that the bias load error is positively correlated with the offset distance, i.e., the larger the offset distance, the more significant the bias load error.
The bias load error increases with the offset distance in a non-linear, closer to a geometrical growth manner, i.e., the larger the offset distance, the faster the bias load error increases.
Conclusion
Following the requirements specified in Specification on the Calibration of Mass Comparators (JJF1326-2011), a 500 kg F 1 level weight was used to perform the repeatability and the bias load tests on the 1T mass comparator, so as to study the influence of the offset distance on the bias load error. From the analysis of the test results, it is concluded that: the repeatability error at the center of the mass comparator is negligible, and the linear drift effect can be eliminated by multiple ABBA weighing cycle measurements. On the other hand, the mass comparator presents a significant bias load error, which is positively correlated with the offset distance, and increases in a geometrical growth manner when the offset distance increases. Therefore, compared to the repeatability error, the bias load error has a significantly larger impact on weight verification and transfer. Consequently, during weight verification and transfer, it is important to place the center of gravity of the weight at the center of the mass comparator.
